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•ROI&L AIRCKAKT ESTABLISHMENT. FARNBOROUGH 

Note on the Principal Terms now used in Longitudinal Stability 

1   lnl.rodi>..'l.or»r 

In the ocmrsidi-;ration of longitudinal stability a distinction is 
made between static am   dynamic stability.     Static stability is con- 
cerned only  vj.th the static momenta that develop on an aeroplane in 
straight flii'ht when it is disturbed slightly from a trimmed state, with 
the static forces on th<   at-ro^'lune remaining in equilibrium.    The static 
stability in  then :.<. me:i3ur».. of the tendency of these moments to restore 
the uuropl^n    to 2.  trimr-u^e*  state.     Tn the motion that follows the intro- 
duction of tiui disturbance dyntuuic and inertia forcis and momenta all 
contribute to th... stability characteristics of the aeroplane, and they 
are  tifc«.n into account when dynamic stability is considered,    Manoeuvr- 
ability,  or th; r>;n >onsw of an .-.eroplane to the pilot'3 actions, is very 
clodely connected with dynamic stability nnd is included in the follow- 
ing discussion. 

The r-.t«..l of variation of the aerodynamic forces and moments with 
control riottimV-,   A.looity components,  etc.   are  termed derivatives. 
The.-v. derivatives play :: most important part in stability theory.    Hither- 
to many of th,..rti. <K.rivattvea when expressed .in a non-dimensional form 
have been r<-v; .rded no nubstuntialljr" invariable with speed.    Modern aero— 
pl~n. s,  ho..evi c,   ir>. nuv< attaining loadings "nd speeds at which distor- 
tion of the structure -nd compressibility effects are introducing vari- 
ations \vith fiiieed of ;;ome of these derivatives,   and these variations can- 
not tj<i net;l otod.    Th; tfiiur-l theory of longitudinal stability has 
theruf.ire be«n extended and the definitions of terms revised to cope with 
these • fl'i eta. 

2 ienerr.l I.'cfinitiona 

2.1      Stick Fixed and free " 

Stability is considered' in two distinct conditions: 

327Q36 

(a) tfithtb stick (or elevator) set to trim in steady flight and then 
held fixed throughout the subsequent motion. 

(b) r;ith the trimmer set to trim with zero stick force in steady flight 
and the ntick left free throughout the subsequent motion. 

An aeroplane may be r. tunic with stick fixed and unstable with stick free 
or vice vcrs ..  The stick movements which the pilot has to make to con- 
trol tht- aeroplane are related to the stick fixed condition, while the 
forces depend on the stick free condition. 

The pilot ia most interested in stick free stability, being relative- 
ly insensitive to stick.movements. The difference between stick fixed 
and stick free stability depends on the degree of static mass-bolanoe of 
the elevator and on the design of its aerodyiwinic balance and is there- 
fore adjustable -within certain limits. Stick fixed stability is a pro- 
perty of the deaijrn an a v.hole and herein lies its importance. To 

/ 
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.,  eliminate the effect of distortion of the elevator control circuit, which 
may vary from one aeroplane to another, it ia usual to interpret "stick 
fixed".as "elevator fixed" at the attachment of the operating lever. 

2.2     Static 3tabilitv 

Static stability con bo very easily defined in the simple "basic" 
case v.ith engine off, v/hon there are no effects, such as those due to 
slipstream,   structural distortion or compressibility, to cause variations 
in th<.  pitching moment coefficient with speed.     In this case it can be 
Slid that,  fthin the aeroplane is flying in a atr.--.ight glide and is dis- 
placed through a nmcH angle of pitoh, static stability is positive if 
the static moment tends to restore it to the initial condition,  and nega- 
tive if the initial disturbance tends to increase    As the static stabi- 
lity .changer, from positive to negative,  instability in the form of a 
divergence develops in the dynamic motion (see- para. 2.3).    To preserve 
this relationship bet./een static and dynamic stability in the general 
'case, the definition must include a change in speed as well as incidenoe 
when the aeroplane is displaced from the equilibrium condition.    The 
follO'.ving mor    precise definition covers all canes. 

Suppose an aeroplane is trimmed for str^iight flight at a given speed, 
incidence*   ind engine  condition and is then held in a current of air at 
the some engine condition and elevator position but at a slightly higher 
speed and at the incidence appropriate to straight flight at that higher 
speed.    The aeroplane is then statically stable with stick fixed if the 
pitching moment tends  to restore- it to the original incidence.     In flight 
the elevator : osition must be changed to maintain straight flight at tho 
modified speed, the change being proportional to the restoring or dis- 
turbing moment.     The  aeroplane is therefore stable with stick fixed if 
the otic!-: is moved forward (elevator dawn)   to trim for straight flight at 
a slightly hij'her speed. 

The sane argument applies with stick free.     In this ca3e the aeroplane 
i3 statically stable if a push force or upward change in tab angle is re- 
quired for str.0i.3ht flight  -,t a speed slightly higher than the trimmed 
speed. 

2.3  Dynamic Stability 

If the -.e-ropl -no is dynamically 3table stiok fixed, it will, after 
a small temporary disturbance, return to the initial trimmed state, with 
the stick held fixed. Similarly, if the stick is left free, and the 
aeroplane returns to the initial trimmed state, it is said to be dynami- 
cally stable stick free. The disturbances in speed and incidence may 
subside gradually, the -unplitude buinft halved in T seconds, or the speed 
and incidence nay oscillate about the trimmed values.  In both cases the 
damping is ..ie-.sured by 1/T where T is the tine to halve the amplitude. 

Forr. dynamically unstable aeroplane the speed and incidence nay 
diverge from the trimmed vaiues or may oscillate about them with ever 
increasing amplitude. The rate of growth is then measured by the time T 
to double the amplitude (it is then said that the time to halve the am- 
plitude is -T). 

Immediately after a disturbance the motion is a combination of 
several uode3, but after a short tifcie the heavily damped modes die out 
and the motion takes the fom of the least stable mode. . One of the modes 
will, be a divergence when the aeroplane is statically unstable. Thus, a 
statically unstable aeroplane is also dynamically unstable, but a stati- 
cally stable aeroplane is not. necessarily dynamically stable. 
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3   Basic '.heory of Static? Stability 

3.1 ' A33UTn.j luona 

(1) The forco and moment coefficients CL, Cn, Cm and G"H are assumed 
independent of speed and air density.    The effects of slipstream, 
structural distortion and compressibility are thus excluded. 

(2) The air density remains constant during the motion. 

(3) The- mar-tent coefficients 0,n und CJJ are linear functions of incidence 
and control settings. 

(4) Tht flight i-u.th tingle ia small,  i.e. thy lift is equal to the 
weight of the aeroplane in steady flight. 

(5) Phi   lift on tiie  tail is neglected in comparison with the lift on 
the wing. 

3.2 Vitutr.-.l L:oint 

The neutral point ia the position of the C.G.  at which the static 
stability ir neutral.    The s:une elevator angle will, therefore, trim the 
aeroplane at   ill .•tweeds .vtien the (!,3,  coincides with the neutral point 
v/ith r-.tici-  fixed.    Similarly,  -it the neutral point with stick tree, if 
the tib anf-le  i:: set to trim with stick free it one speed,  there will be 
no force on tin.-  stick for trim at any other speed.   'The position of the 
neutral point ir, defined   -.-   .t hn~'behind the leading edge of the mean 

chord v/ith .-tick fix< d   aid at. h'n"o with :itiok free.    If the distance of 
the  l5.i».   fro:, 
aeroplane is 

it, h' 
th.- le .ding edge of the mean chord is denoted by ho,   the 
statically ot'.ele with stick fixed when h < hn and with 

stick tc(.c -.-.hen h< h', 

3.3      otatic or *•'• .arain 

The decree of : it a tic a Lability is measured by the static margin, 
i'his in the rate of change of the negative pitching moment coefficient 
with CL, v.hcr.,',  in .-.coordonce '..•ith assumption (h)  above: 

cli pV23 = # (D 
In the basic theory the static margin in also equal to the C,G. margin 

h or h'n - h, the distance of the C.G. ahead of the neutral point 
expressed in ternis of the mean chord, 
static margin is 

Thus, with stick fixed, the 

'**  "   dCL fixed * "
n h, (2) 

where Cm and 0^ ore measured with the elevator and trimmer fixed. 
Similarly, with stick free,  the static margin is 

*3a 
dCL fre = h' (3) 

where Ofe, and C^ are me inured v/ith the trimmer fixed and the stick free. 

Ir flight tests tiie static margin v/ith stick fixed is determined 
from the eleV-tor positions required to maintain steady flight at each 
speed.     Thus • 
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K" "     W dCY ' ,(4) 

whore iT is the elevator angle required for trim and SCg/di\   ia measured 
with CL constant. Similarly with stick free 

K n -  1^ * dCL ' • (5) 

where |3 is the tab angle for trim. Alternatively 0 may be kept con- 
stant and the hin*e moment coefficient CH determined from stick force 
measurements. Then 

d^, 

*CH dCL 
K" £2s fa 

*" " 3Cw dCY ' (6) 

4   More general Theory of Static Stability • 

4.1  Assumptions 

A mor. general theory has 1x.cn developed to include the effects of 
structural distortion and of compressibility below the shock stall. A 
detaile-d description of the theory is impossible here, and reference 
should be made to K.A.K Iieports'' »2. Assumptions (2) and (3) of the 
basic theory (pui-o.«i. 1) are retained,  'ecause of assumption (3) the 
effects of slipstream or wake are not completely covered, while assump- 
tion (4) o-n I'e- discarded only if the effects of varying air density 
are neglected. 

In the , eik.r-.;l theory C^ in equation (1) is replaced by CR    = 
H/;'. ; 'rZ,   /here    :i    is the resultant of the aerodynamic and tractive 
forces -ictin^ on the aeroplane  (lift, dr:iij and propeller thrust). 

In gener.il the static ir.-.rtrin is not equal to the distance of the 
C.ti,  uhe-od of the neutral poirt   ind ft clear distinction between static 
•and C.ii. mar-rinn is ••3senti-.l.    The theory stresses the importance of 
the static nr.rgm '.s the measure of static stability, the position of the 
neutral point beini? relatively insignificant. 

4.2     Static :,orgin 

ivith stick fixed 

dCg fixed 
*as dj 
9TI dCR 

.(7) 

where Cja and. CR are measured at the speed V given by the relationship 

CR5 pV2S = W  (a) 

and the slope dC^/dCR :.t a given CR is measured at CU = 0, i.e. with 
the elevator in_thc correct position for trim at that CR. In the 
estimation of dTj/dC}; from flight teat3 this condition is automatically 
satisfied.  The slope Sc^/ST) is measured with V as well as CR con- 
stant at the appropriate v due given by (8). 

Similar conditions apply to the measurement of the static margin 
with stick free. 

d0„ m 
dOR free w d p 

dCR 

%    dCH 
,(?) 

- 4 



Tech. Note Ho. Aero. 1821. 

Also dGjj/dCj, must be measured at the trimmer setting for which CJJ = 0 
at the chosen C^. 

V. 3  Heutral /oint and O.Ci. Jtiarpin 

The- neutral v°int at hnc or h" nc is the C.G. position for which the 
static margin it :..cro. 

The CO. margin in j/iven by: 

Hr 
,(10) 

At any particular speed    Xn (or K'n)  is proportional to Hn(or H'n), 
but the factor oV proportionality varies with speed and may become in- 
finite  or :M.-i':.itivi..     Thua it  ia por.rible- for the- neutral point to be 
ahead oi" the   'iiv, unci the C.c;. margin to be negative while the static 
a'U'Ein is i o.:Jitiv>..     Ln nuch cuse-3 it is obviou3 that the- static margin 
and not the J. t. margin defines the decree of static stability. 

•j        >.jinOfc.'vr utility 

The !••..» on:ie to elevator control oui be- defined in terms of the 
rutio of the .Hot':; action in -v. j:ulL-out from a dive to this centrifugal 
ri.coeli.ru.ti..n l.uilt •;» in the  "ull-out.     This  ratio varie3 with the pilot's 
techniuue •-.!!•! the- ;-.f.i.-t.   reached  in the  :>ull-out.     To fix a definite 
criterion it   v£, conv- ,-nii nt to ticsumi:  ryi an approximation to the behaviour 
in the  iViLT.-u.it   'h it: 

(u)     ::t-.;/iy  fli.-ht  in '-n are of a circle  in the vertical plane at 
oonst'j-.t .'.:. e-<-': and centrifugal acceleration    n£    can be 
maintain .d, 

(b)     ch i'l.- .::   tr. tr.<   .u-.vity component during the' manoeuvre can be 
n. -lected  in comparison .vith the- rvntrifuy.al acceleration. 

The different;.,     z3  (or V), tetviecn the- stick position (or force) 
to mr.ilnt2.ir: rh- centrifu-.* U. acceleration    n('    and the- position (or force) 
to trim in straight i'll/.ht  at the  uame  Oi^ev-d is proportional to    ng,  and 
he-nce ,/e obtain the criteria: 

.01) 
(1) C.1   =  '.-tick   travel per e,'   - zH/n,       ) 

(2) <j •-  < r-.tick force  per i?'     = I'/n. ) 

The- manoeuvre  joints,   stick fixed and free-,   are the C.G.  positions 
at which -.«1   and. .'.  = 0 r>!isr>ectively.     They  are  denoted  as being at 
h_c  '-*r»d h' ~n  iv-a-.-.otivuly,   from the   Leadinc edi-e  of the- mean chord c. 

The manoeuvre "'••J"rins -re equal to the distances of the C.G.  ahead 
of the manoeuvre  :;oint:i.     They  are written as: 

!Im = hj.   - h    with at.ick fixed    ) 

H'n. - h'm - h    -vlth atlok frcc    ) 
.(12) 

The criteria : ,,  and C, arc proportional to   HmCL and H'j,^ respectively. 
In the o;c-n&ral theory the- factor of proportionality is a function of 
speed. 

5 - 
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6       Relationship between 3tatio and Manoeuvre Margins ana Dvnamio 
Stability 

6.1      Basic Theory 

tilth the simplifying assumptions of the basic theory there is a 
close relationship between the static and manoeuvre margins, given by: 

ir     ,  *  iHfl u  u  « "a 

n  — 
c 
i 
J'.. 

The relative density A, = •  , increases with wing loading and 

i mn £   m' a altitude. The terms —3 and - — —B are due to the angular velocity 
7? »*f      o  •'•j 

in th.' null-out. On conventional aeroplanes they are respectively equal 

~ -1     " "M 
to    -nd  ind represent the dumping effect of the tail plane. 

2 H1 2 ^ 

The at ove equations express the fact that the manoeuvre point in 
the basic case lie3 aft of the C.'.}. position for neutral static 
stability by :.n amount nuch that in pitching motion with the C.G. at 
the manoeuvre- noint th~ couple due to the static instability is just 
balanced by  the d-xipin;; couple.    Thv, ord<,r of this amount varies from 
0.01:: i'or a fighter   .1. hi;'h altitude to 0.10~ for a large bomber or 
civil air liner n.. J- tlie ground. 

Flif-ht .'ith the U.v.;,  in the region of the manoeuvre point is 
eharact^riaea by \ r-.-.id oli.n,j;e of normal .acceleration following small, 
and possibly   inadvertent, movements of the elevator. 

6.2 General Theory 

In the g^ni^r .1 theory changes in the derivatives with speed have 
a more pronounced effect on the static margin than on the manoeuvre 
margin, -,/hich is related to conditions at constant speed. The result 
is that, in general, the static margin may be greater or less than the 
manoeuvre margin fcy quite large -mounts.  On the relative values of the 
two margins depends the relationship between static and dynamic stability, 
including the behaviour in dives and pull-Outs. 

6.3 Dyn-inio Stability 

./hen the- static and manoeuvre margins are both large and positive, 
the motion ./ith stick fixed consists of two oscillatory modes: 

(a) .i slowly damped phupoid with a period of the order of 
30 seconds. 

(b) A  -.veil damped pitching oscillation with a period of from 
2 to 8 seconds, generally referred to as the short period 
oscillation. 

With stick free there i3 an additional heavily damped rapid oscilla- 
tion of the elevator, and the pitching oscillation may under certain 
conditions become unstable. 

- 6 - 
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Instability of the following types will occur when the margins 
become small or negative: 

Type of Instability 
Unstable phugoid oscillation when 
Kn is large and H„, is small. 

3low divergence. 

Very unstable oscillation or rapid 
divergence. 

R.-rpid divergence. 

(b)    J^< 0, l^ >0 

(o)    Kn>0, H,< 0 

(d)    K„< 0, JIm< 0 

The behaviour vd.th stick free is similar. 
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